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Abstract 15 
The supercritical fluid extraction (SFE) of vegetal raw materials is a large field of research, 16 
innovation and entrepreneurial developments. Optimization of process conditions is usually 17 
accomplished in analytical or laboratory scale equipment. Although SFE scaling is essential to 18 
attain industrial applications, studies in the literature are scarce. In this work, the kinetic 19 
behavior of 19 overall extraction curves (OEC’s), obtained by the authors in previous works 20 
using NOVALINDUS Platform SFE facilities, and a set of 39 OEC’s published by other authors, 21 
were considered all together to study SFE scaling. A general trend between the solvent flow 22 
rate and Barton kinetic constant was obtained for all extraction curves included in the data 23 
base, which comprise 10 different plant materials, temperatures in the range 298-333 K, 24 
pressures of 10-30 MPa, extractor volumes from 50 to 5200 cm3, particle diameters from 25 
250 to 1400 µm and bed porosity in the range 0.59-0.97. 26 
 27 
 28 
Keywords: Supercritical fluid extraction; Overall extraction curve; Mass transfer; Barton 29 
model; Scaling up. 30 
 31 
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1. Introduction 33 
The kinetic behavior of the Supercritical Fluid Extraction (SFE) of solid materials is usually 34 
represented by the plot of the mass extracted as a function of time or as a function of the 35 
mass of spent solvent. This representation is commonly called the Overall Extraction Curve 36 
(OEC). Not only mass yield varies along extraction time, but also composition, 37 
physicochemical and biological properties of the extract (García-Risco et al., 2011a; Zabot et 38 
al., 2014a). SFE scaling aims to reproduce the same kinetic behavior in extraction vessels 39 
with different shape and/or capacity.  40 
A large number of kinetic models can be found in the literature, which were developed to 41 
represent the OEC of SFE processes, including simple correlations based on first order 42 
kinetics, such as the Barton model (Cháfer and Berna, 2014; Nguyen et al., 1991; Silva et al., 43 
2011, 2008), to comprehensive phenomenological models based on mass transfer 44 
differential made in the cell extraction (De Melo et al., 2014; Huang et al., 2012; Oliveira et 45 
al., 2011). Yet, more limited approaches and studies are available in the literature regarding 46 
SFE scaling. Studies are mainly based on some thumb rules or semi-empirical approaches 47 
based on traditional chemical engineering fundamentals and adapted for high pressure SFE 48 
process. For example, keeping constant the ratio between solvent flow rate and biomass 49 
weight, or keeping constant the ratio between the mass weight of solvent spent and of 50 
biomass weight (Prado et al., 2012, 2011; Yesil-Celiktas et al., 2009), maintaining constant 51 
the solvent linear velocity, or the solvent residence time, among others, are very common 52 
scaling criterions applied in SFE (López-Padilla et al., 2016b).  53 
SFE vessels are in general cylindrical. Vessel length and internal diameter are usually used to 54 
describe bed geometry, which also affect significantly the extraction. Furthermore, the ratio 55 
between height and diameter of the packed bed has been used to validate some scaling 56 
approaches (Prado et al., 2012).  57 
For example, Carvalho et al. (2005) and Zabot et al. (2014a, 2014b) found good scaling 58 
results in the SFE of rosemary and clove buds by applying the solvent to feed mass ratio 59 
criterion combined with maintaining the height/diameter ratio. Paula et al. (2016) evaluated 60 
the effect of bed geometry using the criterions of constant residence time or constant CO2 61 
velocity in the scaling up SFE process for Baccharis dracunculifolia and found that the second 62 
one was appropriate. Recently, López-Padilla et al. (2017) studied the SFE scaling of 63 
Calendula officinalis and the experiments proved that constant CO2 residence time was an 64 
adequate scaling criterion for a scaling factor around 5, while the constant CO2 velocity was 65 
the criterion suitable for a larger scaling factor close to 20.  66 
Thus, in general, there is not a single criterion effective for SFE scaling and more studies are 67 
required to get more information about the influence of the large set of variables that can 68 
affect the extraction kinetics. In this respect, López-Padilla et al. (2017) has recently 69 
correlated the mass transfer coefficients (Broken and Intact Cell model) of calendula OECs 70 
obtained in cells of diverse size, at different extraction pressures and temperatures, in terms 71 
of the CO2 flow rate, the extraction cell geometric parameters (diameter and length) and the 72 
dimensionless Schmidt number. The correlation was derived keeping constant bed porosity 73 
and mean particle size of calendula raw material.  74 
In this work, this correlation was extended to consider a variety of plant raw materials of 75 
different apparent density, porosity and particle size. First, a set of 19 OECs obtained by the 76 
authors in previous works using their SFE facilities (NOVALINDUS Platform) were considered, 77 
and then the correlation developed was tested using a set of 34 OECs reported by other 78 
authors in the literature.  79 
2. Fundamentals and data base 80 
In the SFE of solid raw materials, the mass extracted and thus the extraction yield (mass 81 
extracted / mass loaded in the extraction vessel) increases with time, defining the typical 82 
shape of the overall extraction curve (OEC) (see Figure 1). The rate of solutes mass transfer 83 
from the surface of the solid particles to the core of the supercritical solvent depends 84 
significantly on the mass transfer coefficient and the interfacial area. The objective of this 85 
work is to investigate the relation between these process variables and the solvent flow rate, 86 
considering a large set of OEC data, related with the SFE of different plant materials, and 87 
taking into account the variability of process conditions (temperature and pressure), 88 
extraction cell dimensions (diameter and height) and packed bed characteristics (apparent 89 
density, porosity).  90 
The mass transfer coefficient of a specific OEC can be estimated using a variety of kinetic 91 
models. Although accurate and theoretical-based models are available in the literature, 92 
these models usually demand several fitting parameters besides the mass transfer 93 
coefficient, and require specific software and mathematical routines for the fitting 94 
procedure. On the other side, Nguyen et al. (1991) presented a single model to express the 95 
mass rate out of a solid matrix, by describing the solutes extraction as a first-order-type 96 
reaction. Because of its simplicity, Barton model was used in this work to estimate the mass 97 
transfer coefficient of all OEC data compiled from the literature, as described in the 98 
following section.  99 
 100 
2.1 Barton model 101 
The overall extraction curve (OEC) according to Barton model can be described as a first-102 
order-type reaction: 103 
                                                                                                                             (1) 104 
Where   is the extraction yield (mass extracted / mass loaded in the extraction vessel),    is 105 
the extraction yield when     and   is Barton kinetic constant. The accumulated mass of 106 
extract versus time (  vs.  ) of a OEC can be represented using Eq. (1) by the linear 107 
regression of          ) vs.  , and considering the simultaneous fitting of parameters   108 
and    to minimize the corresponding regression coefficient   
  .  109 
 110 
2.2 Kinetic data compiled  111 
2.2.1 OECs from NOVALINDUS Platform 112 
NOVALINDUS is a technological platform comprising SFE facilities of diverse capacities which 113 
were used by the authors in previous works (Fornari et al., 2012; García-Risco et al., 2011b; 114 
López-Padilla et al., 2016b; Villanueva-Bermejo et al., 2017) to extract a variety of vegetal 115 
materials. Table 1 reports the characteristics of the facilities and extractor vessels available 116 
in NOVALINDUS Platform.  117 
The extraction conditions of different SFE experiments are given in Table 2 and comprise 19 118 
OECs concerning the extraction of seven different plants: oregano, sage, thyme, rosemary, 119 
yarrow, calendula and mortiño. For each OEC, Table 2 reports the diameter     and length 120 
    of the corresponding cylindrical extraction vessel, the characteristics of the packed bed 121 
(type of plant, mass loaded  , particle diameter   , plant density    and bed porosity  ) and 122 
the SFE extraction conditions (temperature  , pressure   and CO2 flow rate ). 123 
CO2 density      and viscosity      were calculated using an equation of state proposed by 124 
Span and Wagner (Tegeler et al., 1999) and involved in an open web source by NIST 125 
Webbook (NIST, 2017). This equation resulted from an empirical representation of the 126 
fundamental equation based on Helmholtz energy in dependence on density and 127 
temperature. This equation shows lower relative deviations between experimental and 128 
predicted values        under supercritical pressures and temperatures extraction 129 
processes. CO2 viscosity      was calculated as a function of temperature and pressure, 130 
using a correlation specifically derived for carbon dioxide (Fenghour et al., 1998) and linked 131 
by the NIST Webbook.  132 
The diffusion coefficient of the extract in CO2          was estimated using the equation 133 
recently given by López-Padilla et al. (2016a) for plant essential oils in supercritical CO2: 134 
                
                            
              
              (2)  135 
Where        is given in cm
2·s-1,      is given in cP,      in g·cm
-3 and T in C. It is assumed 136 
that Eq. (2) provides a satisfactory estimation of the diffusion coefficient of all extracts 137 
obtained in the OECs from NOVALINDUS Platform.  138 
The Schmidt dimensionless number was calculated according to: 139 
    
    
          
                                                                                                                   (3) 140 
Where        is given in m
2·s-1,      is given in kg·m
-1·s-1 and      in kg·m
-3. The values 141 
obtained are given in Table 2. 142 
2.2.2 OECs from the literature 143 
Similarly to Table 2, Table 3 gives the data corresponding to 34 OECs reported by different 144 
authors concerning the SFE of red pepper (Silva and Martínez, 2014), chamomile (Povh et al., 145 
2001) and ginger (Martinez et al., 2003; Zancan et al., 2002). CO2 density        and 146 
viscosity       , the diffusion coefficient          and Schmidt number      were 147 
calculated as described in previous section, except the diffusion coefficient of red pepper 148 
extracts (Silva and Martínez, 2014) in which case the diffusion coefficient was calculated 149 
according to the correlation of López-Padilla et al. (2016a) for plant fixed oils in supercritical 150 
CO2:  151 
                 
                            
              
                     (4) 152 
Bed porosity     is according the value reported in the corresponding literature source, but 153 
the value was checked to satisfy the following equation: 154 
     
    
  
   
  
        
                                                                                            (5) 155 
Where      is the apparent density of the packed bed. 156 
 157 
3. Results and Discussion 158 
3.1 Correlation of Barton kinetic constants of calendula OECs obtained in NOVALINDUS 159 
Platform 160 
In previous work, the scaling of calendula SFE was studied (López-Padilla et al., 2017). Nine 161 
OECs were obtained using the extraction cells of different size available in NOVALINDUS 162 
Platform (Table 1) and were represented using the Broken and Intact Cell (BIC) model 163 
(Sovová, 2017; Sovová, 1994). With the purpose of developing a scaling correlation 164 
applicable among NOVALINDUS facilities, the regressed BIC mass transfer coefficients in the 165 
supercritical fluid phase       were correlated with the CO2 flow rate    . The scaling 166 
correlation (see Figure 2) includes the extractor diameter and length, and the dimensionless 167 
Schmidt number     . Bed porosity and particle size were not included in the correlation 168 
because these parameters were kept constant during calendula SFE.  169 
In this work, the same nine calendula OECs of previous work (López-Padilla et al., 2017) were 170 
represented using Barton model (Eq. 1), and the type of relation depicted in Figure 2 was 171 
tested using Barton kinetic constant     instead of BIC mass transfer coefficient      .  172 
Tables 4 gives the values obtained for  , together with the    value which minimize the 173 
regression coefficient     , which is also given in the table. In general, Barton   values were 174 
one order of magnitude lower than BIC     values (López-Padilla et al., 2017). As sake of 175 
comparison, Figure 3 show BIC and Barton model representations for two selected calendula 176 
OECs. Figure 3(a) correspond to OEC 11 in Table 2, for which BIC model resulted better than 177 
Barton model, while the opposite resulted in the case of Figure 3(b) corresponding to OEC 17 178 
in Table 2 (worse    value of Barton model fitting).  179 
Figure 4 shows the same relation depicted in Figure 2 using the regressed Barton   values. It 180 
can be clearly stated from the figure that the correlation reported in previous work (Figure 181 
2) is still valid and effective in the case of using Barton kinetic constants instead of BIC mass 182 
transfer coefficients. The regression coefficient obtained in Figure 4 is          , slightly 183 
higher than the one obtained in Figure 2            . 184 
3.2 Extension of the correlation to other OECs obtained in NOVALINDUS Platform  185 
As mentioned in previous section, the correlation presented in Figures 2 and 4 do not 186 
include bed porosity or mean particle diameter of plant material, because all calendula OECs 187 
were carried out keeping constant these two variables.  188 
With the objective of analyze the influence of    and    in the SFE scaling correlation, the 19 189 
OECs obtained in the three different scale supercritical plants available in NOVALINDUS 190 
Platform (Table 2) were considered all together. These OECs include extractions with bed 191 
porosity in the range of 0.59 - 0.82 and particle diameter in the range of 250 - 1000 µm.  192 
It was observed that the inclusion of the specific interfacial area      defined by: 193 
                                                                                                                            (6) 194 
Resulted in a good correlation of all OEC Barton   values regressed (which are reported in 195 
Table 3) with          . Then, CO2 density was also included with the aim of attain a 196 
dimensionless relation between the abscissa and ordinate of the correlation. Figure 5(a) 197 
shows the final result, with a regression coefficient           , very similar to the 198 
previous one. Then, the correlation depicted in Figure 5(a) provides a fundamental relation 199 
between the main variables affecting the kinetic behavior of the SFE extractions carried out 200 
in NOVALINDUS Platform (Table 2) and can be a useful tool for SFE scaling.  201 
3.3 Applying the scaling correlation to OECs from the literature  202 
The correlation developed considering the OEC data produced by the authors in 203 
NOVALINDUS Platform was tested using the OEC data from the literature given in Table 3. A 204 
total of 34 OECS were compiled. Although a larger number was originally considered, many 205 
were discarded due to the lack of information, mainly bed porosity, extraction cell 206 
dimensions, plant material density, or the kinetic data was insufficient and/or do not allow 207 
an accurate estimation of      208 
In order to fit the Barton kinetic constant for each OEC, in several cases and due to the 209 
absence of numerical data, the experimental OECs (       points) were taken from the plots 210 
available in the corresponding published works, using the open software Plot Digitizer v. 211 
2.6.6 (Huwaldt and Steinhorst, 2014). The Barton   values regressed, together with the    212 
and     values obtained are given in Table 4. 213 
Figure 5(b) shows the correlation between the Barton   values and solvent flow rate for the 214 
19 NOVALINDUS OECs plus the 34 OECs from the literature. Despite the regression 215 
coefficient obtained is somewhat smaller R2 = 0.8328 the general trend of the scaling 216 
correlation proposed in this work is confirmed.  217 
On the other hand, the mass transfer coefficient is commonly correlated in the literature as 218 
a function of the dimensionless Schmidt (Sc) and Reynolds (Re) numbers. The    number 219 
was exposed as an important parameter in the correlations developed, as can be observed in 220 
Figures 4 and 5. However, the effect of   number is hidden in the analysis presented in this 221 
work.  222 
Reynold dimensionless number, defined as: 223 
    
         
    
                                                                                                                                (7) 224 
Were  is the CO2 velocity and    is the mean particle diameter of the raw material.  225 
   number was calculated for all OECs of Tables 2 and 3, and its effect on the correlation 226 
was studied. For this purpose, linear regressions were carried out taking into account 227 
separately data with high or small Re numbers. The results of this analysis is depicted in 228 
Figure 6, where it can be observed that the linear regression of data with Re numbers in the 229 
range 7.37-17.43 (Figure 6a) provides a slope 2.3 times higher than in the case of data with 230 
considerably lower Re numbers (0.16-0.34) (Figure 6b). Furthermore, higher regression 231 
coefficients were obtained in both cases, in comparison with the regression coefficient 232 
obtained considering the data all together. This means that the Re number of the OEC 233 
strongly affects the slope of the linear regression. Much more experimental OEC data, 234 
including other raw materials, process conditions and extractor dimensions, is being 235 
compiled in order to trustworthy elucidate this effect and to guarantee the accuracy of the 236 
developed scaling up procedure. 237 
 238 
Conclusions 239 
The relation between the solvent flow rate ( ) in plant material SFE and the mass transfer 240 
coefficient was studied. A large set of OECs was compiled from the literature, including 19 241 
OECs obtained by the authors in NOVALINDUS Platform and 34 OECs from the literature. 242 
OEC data comprise 10 different plant materials, temperatures in the range 298-333 K and 243 
pressures in the range 10-30 MPa. Additionally, particle diameter varied from 250 to 1400 244 
µm, extractor volume from 50 to 5200 cm3 and bed porosity was in the range 0.59-0.97. All 245 
OECs were correlated using Barton model, by fitting the Barton kinetic constant   and 246 
achieving regression coefficients higher than 0.90.  247 
A relation between the solvent flow rate and Barton kinetic constant observed in previous 248 
work (López-Padilla et al., 2017), which was developed for a single plant material and an 249 
unique particle diameter and bed porosity, was reasonably extended to cover the wider 250 
extraction conditions and materials covered in the 53 OECs compiled in this work, and 251 
demonstrated a general trend which can be used for estimating the solvent flow rate 252 
required in SFE scaling. Furthermore, it was observed that the slope of the correlation is 253 
highly affected by Reynolds number. Studies are in progress, extending the data set of OECs, 254 
to elucidate this effect in the scaling procedure. 255 
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Table 1. NOVALINDUS facilities for the SFE of solid materials. 370 
 371 
Characteristics Lab Scale 1 Lab Scale 2 Pilot Scale 
L: Bed length (m) 0.188 0.388 0.570 
D: Bed diameter (m) 0.043 0.07 0.107 
Bed volume (m3) 2.7×10-4 1.35×10-3 5.19×10-3 
Cross flow area (m2) 1.45×10-3 3.53×10-3 8.99×10-3 
Ratio L/D 4.372 5.716 5.327 
Cyclone volume (m3) 5×10-4 5×10-4 1.57×10-3 
Pump capacity (kg/h) 0.2 - 12 0.2 - 12 2.2 - 147 
Pressure work (MPa) 0.1 - 69 0.1 - 69 0.1 - 44 
Temperature work (C) 5 - 40 5 - 40 5 - 40 
Demister (m3) 1.71×10-3 1.71×10-3 1.5×10-2 
Filter (m3) No No 5×10-2 
Storage tank (m3) 1.5×10-2 1.5×10-2 8.8×10-2 
Recycler system CO2 Yes Yes Yes 
Automated BPR Yes Yes Yes 
Flowmeter Yes Yes No 
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1 Origanum Origanum vulgare 0.076 0.416 0.60 5.0 1020 0.69 1.00 313 300 909.9 9.38 1.18 8.725 (Fornari et al., 2012) 
2 Sage Salvia officinalis 0.076 0.416 0.60 5.0 1050 0.70 1.00 313 300 909.9 9.38 1.18 8.725 (Fornari et al., 2012) 
3 Thyme Thymus zygis 0.076 0.416 0.60 10.0 1580 0.80 1.00 313 300 909.9 9.38 1.18 8.725 (Fornari et al., 2012) 
4 Rosemary Rosmarinus officinalis 0.076 0.416 0.60 10.0 1046 0.70 1.00 313 300 909.9 9.38 1.18 8.725 (Fornari et al., 2012) 
5 Rosemary Rosmarinus officinalis 0.076 0.416 0.60 10.0 1046 0.70 1.00 314 300 909.9 9.38 1.18 8.713 (García-Risco et al., 2011a) 
6 Rosemary Rosmarinus officinalis 0.076 0.416 0.60 10.0 1046 0.70 1.00 315 300 909.9 9.38 1.19 8.701 (García-Risco et al., 2011a) 
7 Thyme Thymus vulgaris L. 0.076 0.416 0.55 4.0 1580 0.82 0.67 313 150 841.0 6.36 1.14 6.621 (García-Risco et al., 2011b) 
8 Yarrow Achillea millefolium 0.067 0.383 0.40 5.0 1015 0.71 1.20 313 140 763.0 6.50 1.49 5.705 (Villanueva-Bermejo et al., 2017) 
9 Calendula Calendula officinalis 0.043 0.188 0.09 5.0 1409 0.76 0.25 313 140 763.0 6.50 1.49 5.702 (López-Padilla et al., 2017) 
10 Calendula Calendula officinalis 0.043 0.188 0.09 5.0 1409 0.76 0.50 313 140 763.0 6.50 1.49 5.702 (López-Padilla et al., 2017) 
11 Calendula Calendula officinalis 0.043 0.188 0.09 5.0 1409 0.76 0.75 313 140 763.0 6.50 1.49 5.702 (López-Padilla et al., 2017) 
12 Calendula Calendula officinalis 0.043 0.188 0.09 5.0 1409 0.76 0.50 313 240 872.5 8.51 1.25 7.829 (López-Padilla et al., 2017) 
13 Calendula Calendula officinalis 0.043 0.188 0.09 5.0 1409 0.76 0.50 313 340 930.2 9.91 1.15 9.238 (López-Padilla et al., 2017) 
14 Calendula Calendula officinalis 0.067 0.383 0.45 5.0 1409 0.76 0.60 313 140 763.0 6.50 1.49 5.702 (López-Padilla et al., 2017) 
15 Calendula Calendula officinalis 0.067 0.383 0.45 5.0 1409 0.76 1.23 313 140 763.0 6.50 1.49 5.702 (López-Padilla et al., 2017) 
16 Calendula Calendula officinalis 0.107 0.570 1.71 5.0 1409 0.76 1.54 313 140 763.0 6.50 1.49 5.702 (López-Padilla et al., 2017) 
17 Calendula Calendula officinalis 0.107 0.570 1.71 5.0 1409 0.76 4.70 313 140 763.0 6.50 1.49 5.702 (López-Padilla et al., 2017) 
18 Mortiño Vaccinium merdionale 0.043 0.188 0.16 2.5 1440 0.59 0.53 313 300 909.9 9.38 1.18 8.724 (López-Padilla et al., 2016b) 
19 Mortiño Vaccinium merdionale 0.067 0.383 0.80 2.5 1440 0.59 2.63 313 300 909.9 9.38 1.18 8.724 (López-Padilla et al., 2016b) 
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1 Red pepper Capsicum frutescens 0.030 0.075 0.024 9.3 1320 0.66 0.402 313 150 780.2 6.77 0.93 9.289 (Silva and Martínez, 2014) 
2 Red pepper Capsicum frutescens 0.030 0.129 0.042 9.3 1320 0.66 0.402 313 150 780.2 6.77 0.93 9.289 (Silva and Martínez, 2014) 
3 Red pepper Capsicum frutescens 0.054 0.125 0.128 9.3 1320 0.66 0.402 313 150 780.2 6.77 0.93 9.289 (Silva and Martínez, 2014) 
4 Red pepper Capsicum frutescens 0.054 0.125 0.125 4.3 1320 0.67 0.402 313 150 780.2 6.77 0.93 9.289 (Silva and Martínez, 2014) 
5 Red pepper Capsicum frutescens 0.054 0.125 0.125 4.3 1320 0.67 0.285 313 150 780.2 6.77 0.93 9.289 (Silva and Martínez, 2014) 
6 Red pepper Capsicum frutescens 0.054 0.125 0.125 4.3 1320 0.67 0.170 313 150 780.2 6.77 0.93 9.289 (Silva and Martínez, 2014) 
7 Red pepper Capsicum frutescens 0.030 0.129 0.040 4.3 1320 0.67 0.170 313 150 780.2 6.77 0.93 9.289 (Silva and Martínez, 2014) 
8 Red pepper Capsicum frutescens 0.030 0.129 0.042 9.3 1320 0.66 0.170 313 150 780.2 6.77 0.93 9.289 (Silva and Martínez, 2014) 
9 Red pepper Capsicum frutescens 0.030 0.129 0.041 14.1 1320 0.67 0.170 313 150 780.2 6.77 0.93 9.289 (Silva and Martínez, 2014) 
10 Red pepper Capsicum frutescens 0.030 0.075 0.023 4.3 1320 0.68 0.285 313 150 780.2 6.77 0.93 9.289 (Silva and Martínez, 2014) 
11 Red pepper Capsicum frutescens 0.030 0.075 0.024 9.3 1320 0.66 0.285 313 150 780.2 6.77 0.93 9.289 (Silva and Martínez, 2014) 
12 Red pepper Capsicum frutescens 0.030 0.075 0.024 14.1 1320 0.67 0.285 313 150 780.2 6.77 0.93 9.289 (Silva and Martínez, 2014) 
13 Red pepper Capsicum frutescens 0.030 0.129 0.041 14.1 1320 0.67 0.285 313 150 780.2 6.77 0.93 9.289 (Silva and Martínez, 2014) 
14 Red pepper Capsicum frutescens 0.030 0.075 0.023 4.3 1320 0.68 0.402 313 150 780.2 6.77 0.93 9.289 (Silva and Martínez, 2014) 
15 Red pepper Capsicum frutescens 0.030 0.129 0.040 4.3 1320 0.67 0.402 313 150 780.2 6.77 0.93 9.289 (Silva and Martínez, 2014) 
16 Red pepper Capsicum frutescens 0.030 0.129 0.041 14.1 1320 0.67 0.402 313 150 780.2 6.77 0.93 9.289 (Silva and Martínez, 2014) 
17 chamomile Chamomilla recutita 0.040 0.166 0.075 3.0 1346 0.72 0.067 303 100 771.5 6.61 1.45 5.897 (Povh et al., 2001) 
18 chamomile Chamomilla recutita 0.040 0.166 0.075 3.0 1346 0.72 0.067 303 120 808.9 7.24 1.36 6.572 (Povh et al., 2001) 
19 chamomile Chamomilla recutita 0.040 0.166 0.075 3.0 1346 0.72 0.067 303 160 857.1 8.17 1.26 7.579 (Povh et al., 2001) 
20 chamomile Chamomilla recutita 0.040 0.166 0.075 3.0 1346 0.72 0.067 303 200 890.5 8.91 1.20 8.364 (Povh et al., 2001) 
21 chamomile Chamomilla recutita 0.040 0.166 0.075 3.0 1346 0.72 0.067 313 100 628.7 4.02 1.80 3.563 (Povh et al., 2001) 
22 chamomile Chamomilla recutita 0.040 0.166 0.075 3.0 1346 0.72 0.033 313 120 717.8 5.85 1.62 5.046 (Povh et al., 2001) 
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23 chamomile Chamomilla recutita 0.040 0.166 0.075 3.0 1346 0.72 0.067 313 120 717.8 5.12 1.53 4.651 (Povh et al., 2001) 
24 chamomile Chamomilla recutita 0.040 0.166 0.075 3.0 1346 0.72 0.067 313 160 792.2 6.69 1.39 6.082 (Povh et al., 2001) 
25 chamomile Chamomilla recutita 0.040 0.166 0.075 3.0 1346 0.72 0.033 313 160 794.9 7.02 1.41 6.245 (Povh et al., 2001) 
26 chamomile Chamomilla recutita 0.040 0.166 0.075 3.0 1346 0.72 0.067 313 200 839.9 7.79 1.31 7.103 (Povh et al., 2001) 
27 Ginger Zingiber officinale 0.028 0.375 0.080 10.2 1300 0.74 0.056 313 250 881.0 8.82 1.24 8.049 (Martinez et al., 2003) 
28 Ginger Zingiber officinale 0.028 0.375 0.080 10.2 1300 0.74 0.056 303 150 847.0 7.86 1.27 7.326 (Martinez et al., 2003) 
29 Ginger Zingiber officinale 0.028 0.375 0.080 10.2 1300 0.74 0.056 313 200 841.0 7.79 1.30 7.119 (Martinez et al., 2003) 
30 Ginger Zingiber officinale 0.028 0.375 0.080 10.2 1300 0.74 0.056 313 150 841.0 6.36 1.14 6.621 (Martinez et al., 2003) 
31 Ginger Zingiber officinale 0.028 0.387 0.008 3.9 1524 0.97 0.059 298 200 914.2 9.97 1.20 9.056 (Zancan et al., 2002) 
32 Ginger Zingiber officinale 0.028 0.387 0.008 3.9 1524 0.97 0.060 298 250 943.5 10.3 1.11 9.793 (Zancan et al., 2002) 
33 Ginger Zingiber officinale 0.028 0.387 0.008 3.9 1524 0.97 0.059 308 200 866.2 8.46 1.26 7.757 (Zancan et al., 2002) 
34 Ginger Zingiber officinale 0.028 0.387 0.008 3.9 1524 0.97 0.059 308 250 901.8 9.17 1.18 8.582 (Zancan et al., 2002) 
35 Rosemary Rosmarinus officinalis 0.034 0.095 0.031 6.6 1046 0.66 0.083 313 300 909.9 9.91 1.24 8.78 (Carvalho et al., 2005) 
36 Rosemary Rosmarinus officinalis 0.034 0.190 0.061 6.6 1046 0.66 0.083 313 300 909.9 9.91 1.24 8.78 (Carvalho et al., 2005) 
37 Rosemary Rosmarinus officinalis 0.034 0.285 0.092 6.6 1046 0.66 0.083 313 300 909.9 9.91 1.24 8.78 (Carvalho et al., 2005) 
38 Rosemary Rosmarinus officinalis 0.034 0.037 0.031 6.6 1046 0.66 0.052 313 300 909.9 9.91 1.24 8.78 (Carvalho et al., 2005) 




Table 4. Barton kinetic constants of OECs obtained in NOVALINDUS Platform. 388 
 
Raw Material Scientific name k (min-1)    R
2 Ref. 
1 Origanum O. vulgare 0.0182 0.048 0.980 (Fornari et al., 2012) 
2 Sage S. officinalis 0.0177 0.047 0.995 (Fornari et al., 2012) 
3 Thyme T. zygis 0.0099 0.033 0.995 (Fornari et al., 2012) 
4 Rosemary R. officinalis 0.0094 0.038 0.969 (Fornari et al., 2012) 
5 Rosemary R. officinalis 0.0078 0.049 0.959 (García-Risco et al., 2011a) 
6 Rosemary R. officinalis 0.0085 0.043 0.988 (García-Risco et al., 2011a) 
7 Thyme T. vulgaris L. 0.0132 0.032 0.999 (García-Risco et al., 2011b) 
8 Yarrow A. millefolium 0.0151 0.030 0.963 (Villanueva-Bermejo et al., 2017) 
9 Calendula C. officinalis 0.0091 0.050 0.984 (López-Padilla et al., 2017) 
10 Calendula C. officinalis 0.0112 0.059 0.974 (López-Padilla et al., 2017) 
11 Calendula C. officinalis 0.0127 0.063 0.963 (López-Padilla et al., 2017) 
12 Calendula C. officinalis 0.0143 0.064 0.985 (López-Padilla et al., 2017) 
13 Calendula C. officinalis 0.0175 0.065 0.969 (López-Padilla et al., 2017) 
14 Calendula C. officinalis 0.0081 0.035 0.986 (López-Padilla et al., 2017) 
15 Calendula C. officinalis 0.0095 0.045 0.988 (López-Padilla et al., 2017) 
16 Calendula C. officinalis 0.0082 0.053 0.973 (López-Padilla et al., 2017) 
17 Calendula C. officinalis 0.0113 0.078 0.998 (López-Padilla et al., 2017) 
18 Mortiño V. merdionale 0.0429 0.032 0.925 (López-Padilla et al., 2016b) 
19 Mortiño V. merdionale 0.0511 0.032 0.909 (López-Padilla et al., 2016b) 
 389 
  390 
Table 5. Barton kinetic constants of OECs obtained from the literature. 391 
 Raw Material Scientific name k (min
-1)    R
2 Ref. 
1 Red pepper C. frutescens 0.0270 0.5300 0.917 (Silva and Martínez, 2014) 
2 Red pepper C. frutescens 0.0216 0.5947 0.953 (Silva and Martínez, 2014) 
3 Red pepper C. frutescens 0.0118 0.0553 0.996 (Silva and Martínez, 2014) 
4 Red pepper C. frutescens 0.0141 0.0912 0.951 (Silva and Martínez, 2014) 
5 Red pepper C. frutescens 0.0105 0.0778 0.953 (Silva and Martínez, 2014) 
6 Red pepper C. frutescens 0.0076 0.0475 0.959 (Silva and Martínez, 2014) 
7 Red pepper C. frutescens 0.0124 0.0860 0.989 (Silva and Martínez, 2014) 
8 Red pepper C. frutescens 0.0153 0.0535 0.993 (Silva and Martínez, 2014) 
9 Red pepper C. frutescens 0.0122 0.0409 0.996 (Silva and Martínez, 2014) 
10 Red pepper C. frutescens 0.0295 0.0875 0.980 (Silva and Martínez, 2014) 
11 Red pepper C. frutescens 0.0263 0.0568 0.981 (Silva and Martínez, 2014) 
12 Red pepper C. frutescens 0.0235 0.0423 0.966 (Silva and Martínez, 2014) 
13 Red pepper C. frutescens 0.0148 0.0460 0.971 (Silva and Martínez, 2014) 
14 Red pepper C. frutescens 0.0416 0.1046 0.950 (Silva and Martínez, 2014) 
15 Red pepper C. frutescens 0.0244 0.0958 0.968 (Silva and Martínez, 2014) 
16 Red pepper C. frutescens 0.0220 0.0510 0.982 (Silva and Martínez, 2014) 
17 chamomile C. recutita 0.0053 0.0339 0.996 (Povh et al., 2001) 
18 chamomile C. recutita 0.0049 0.0320 0.994 (Povh et al., 2001) 
19 chamomile C. recutita 0.0058 0.0390 0.995 (Povh et al., 2001) 
20 chamomile C. recutita 0.0075 0.0391 0.994 (Povh et al., 2001) 
21 chamomile C. recutita 0.0046 0.0219 0.994 (Povh et al., 2001) 
22 chamomile C. recutita 0.0030 0.0528 0.998 (Povh et al., 2001) 
23 chamomile C. recutita 0.0063 0.0324 0.998 (Povh et al., 2001) 
24 chamomile C. recutita 0.0052 0.0376 0.984 (Povh et al., 2001) 
25 chamomile C. recutita 0.0039 0.0539 0.996 (Povh et al., 2001) 
26 chamomile C. recutita 0.0079 0.0440 0.985 (Povh et al., 2001) 
27 Ginger Z. officinale 0.0037 0.6465 0.985 (Martinez et al., 2003) 
28 Ginger Z. officinale 0.0025 0.0450 0.958 (Martinez et al., 2003) 
29 Ginger Z. officinale 0.0038 0.0494 0.964 (Martinez et al., 2003) 
30 Ginger Z. officinale 0.0033 0.0421 0.978 (Martinez et al., 2003) 
31 Ginger Z. officinale 0.0084 0.0342 0.994 (Zancan et al., 2002) 
32 Ginger Z. officinale 0.0078 0.0375 0.982 (Zancan et al., 2002) 
33 Ginger Z. officinale 0.0070 0.0251 0.992 (Zancan et al., 2002) 
34 Ginger Z. officinale 0.0086 0.0208 0.980 (Zancan et al., 2002) 
35 Rosemary R. officinalis 0.0102 0.0458 0.997 (Carvalho et al., 2005) 
36 Rosemary R. officinalis 0.0107 0.0372 0.993 (Carvalho et al., 2005) 
37 Rosemary R. officinalis 0.0094 0.0363 0.980 (Carvalho et al., 2005) 
38 Rosemary R. officinalis 0.0108 0.0429 0.989 (Carvalho et al., 2005) 
39 Rosemary R. officinalis 0.0112 0.0405 0.967 (Carvalho et al., 2005) 




Figure 1. General shape of the Overall Extraction Curve (OEC): effect of mass transfer 396 























Figure 2. Correlation between BIC model mass transfer coefficient in the supercritical fluid 401 
phase (     and the CO2 flow rate (   of nine OECs corresponding to calendula SFE (López-402 
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Figure 3. Comparison between BIC and Barton models in the fitting of calendula OECs 11 and 17 of Table 2. Solid line: BIC model; dashed line: 408 












































Figure 4. Correlation between Barton model kinetic constant (   and the CO2 flow rate (   416 
of nine OECs corresponding to calendula SFE at constant bed porosity and constant mean 417 



























Figure 5. Correlation between Barton model kinetic constant (   and the CO2 flow rate (   of the OECs studied in this work: (a) Table 2 429 
(NOVALINDUS Platform) R2 = 0.9624; (b) Tables 2 and 3, R2 = 0.8328. () NOVALINDUS (Fornari et al., 2012; García-Risco et al., 2011a; López-430 
Padilla et al., 2017; López-Padilla et al., 2016b; Villanueva-Bermejo et al., 2017); () Silva and Martínez, 2014; () Povh et al., 2001; () 431 





































Figure 6. Correlation between Barton model kinetic constant (   and the CO2 flow rate (   of the OECs with (a) high Reynold numbers (7.37 to 438 
17.43) and (b) small Reynold numbers (0.16-0.34). 439 
 440 

















Q × Sc2 × a0 / (D × L × CO2)  (min
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